Objective: The effects of obesity phenotype on fat metabolism during endurance exercise are unclear. This study aimed to investigate in obese men whether body fat distribution would influence plasma fat availability and oxidation during endurance exercise. Design: Fourteen sedentary men (body mass index (BMI)425 kg/m 2 ) were divided into two groups by visceral fat (VF) area: VF obese (VF-Ob) (n ¼ 7, age; 52.072.5 (s.e.) years) and abdominal subcutaneous fat obese (SF-Ob) (n ¼ 7, age; 57.372.8 (s.e.) years). All participants performed stationary cycling exercise for 60 min at 50% of peak oxygen uptake. Measurements: Blood and respiratory gas samples were taken for analysis of hormone, metabolite and substrate oxidation in each participant at rest and during exercise. Results: There is a significant group Â time interaction in the plasma concentration of free fatty acid (FFA) (Po0.05) and glycerol (Po0.05) during the exercise bout. In addition, total plasma concentration of FFA (area under the curve) was 59.2% higher in VF-Ob compared with SF-Ob men during endurance exercise (1.9970.24 and 1.2570.13 mEq/l/min, respectively; Po0.05). Total plasma concentration of glycerol (area under the curve) was 102.3% higher in VF-Ob than SF-Ob men during the exercise (69.6712.5 and 34.475.1 mg/dl/min, respectively; Po0.05). However, fat oxidation was not different throughout the exercise between VF-Ob and SF-Ob men (176.5725.7 and 183.0712.8 kcal/60 min, respectively). Conclusion: During moderate endurance exercise, plasma fat availability may be higher in men with VF obesity compared to men with SF obesity. However, total fat oxidation is similar between obesity phenotype.
Introduction
Obesity can be classified into visceral fat (VF) obesity and abdominal subcutaneous fat (SF) obesity 1 according to VF level. The VF obesity is known to be a risk factor for cardiovascular disease and closely related to metabolic disorders such as insulin resistance, hypertension and hyperlipidemia. [2] [3] [4] [5] These metabolic abnormalities are associated with the characteristics of visceral adipocytes. Previous in vitro studies in humans [6] [7] [8] [9] [10] have provided data that lipolytic responses to catecholamines of visceral adipocytes are 1.5-3.0 times higher than subcutaneous ones. Furthermore, it has been reported that visceral adipocytes have a lower antilipolytic response to insulin 7, 11 than subcutaneous adipocytes. Thus, visceral adipocytes are recognized as having higher lipolytic activity than subcutaneous ones. Prolonged, moderate-intensity exercise is usually recommended in clinical settings for the treatment of obesity because the exercise provokes an increase in lipolysis and promotion of fat oxidation. [12] [13] [14] [15] These responses to the exercise are strongly controlled by changes in concentrations of catecholamines and insulin. 16 Also, the sensitivity of adipocytes to hormones largely affects fat metabolism. 17 As increases in catecholamine concentrations are synchronized with decreases in insulin concentrations in an endurance exercise bout, 12, 13 the lipolysis response of visceral adipocytes might be higher than that of subcutaneous adipocytes during endurance exercise. Therefore, plasma fat availability and substrate oxidation of VF obesity during endurance exercise might be different from SF obesity. However, little is known regarding the difference in the patterns of fat metabolism during exercise between the obesity phenotypes.
Only a few studies have evaluated the influence of body fat distribution on fat availability and substrate oxidation during endurance exercise. Kanaley et al. 18 reported that the increments in free fatty acid (FFA) availability during endurance exercise were greater in lower body (LB) obese women than upper body (UB) obesity women. However, no differences were observed in total FFA availability and fat oxidation between LB and UB women. Also, Van AggelLeijssen et al. 19 reported that fat metabolism is not different between LB and UB obese women during endurance exercise. These two studies used waist-to-hip ratios to divide subjects into two obesity phenotypes. However, the waist-to-hip ratio is not sufficiently validated to estimate the accumulation of VF and SF. 20, 21 A method using a computed tomography (CT) scan is known as the gold standard for evaluation of abdominal fat distribution. To our knowledge, no study has investigated differences in fat metabolism between two obesity phenotypes (VF obesity and SF obesity) during exercise in obese men. This study aimed to investigate if the obesity phenotype of obese men influences fat metabolism during moderateintensity cycling exercise. Plasma hormones, fat concentrations and indirect calorimetry were used to compare fat kinetics during the exercise between VF and the SF obesity. We hypothesized that fat availability during endurance exercise is greater in VF than SF obesity because the lipolysis of visceral adipocytes is higher than of subcutaneous ones.
Materials and methods

Participants
Participants were recruited for this study through advertisements in a local newspaper. Eighty-seven obese (body mass index (BMI)425 kg/m 2 ) men 22 first responded to the advertisement. We selected men with sedentary life for at least the previous 6 months, and stable weight (o3 kg weight change) for at least the previous 2 months. In addition, we excluded men with history of some metabolic diseases or who were on some medications known to affect fat metabolism. Finally, 14 sedentary obese men participated in this study. The participants were divided into two groups (VF obese (VF-Ob) and abdominal SF obese (SF-Ob) based on their VF area (VFA) at the level of the umbilicus using a CT scan. The VF-Ob group (n ¼ 7) had a VFA greater than 150 cm 2 and the SF-Ob group (n ¼ 7) had a VFA less than 150 cm 2 . This study conformed to the principles outlined in the Helsinki Declaration and was approved by the Higashi Toride Hospital Review Board. The aims and design of the study were explained to each subject before they gave written informed consent.
Experimental design
Fat metabolism, defined as changes in plasma fat concentration and fat oxidation, was compared between seven VF-Ob and seven SF-Ob men matched for age in a 60-min moderate-intense (50% of peak oxygen uptake (peak . VO 2 )) exercise bout with cycle ergometry.
Measurements
Anthropometric variables. Participants were weighted on a digital scale. Height was measured using a wall-mounted stadiometer. Body mass index was calculated as weight (in kilograms) divided by height squared (meters squared). Waist circumference was measured at the level of the umbilicus with participants in the standing position.
Body composition. Whole-body fat mass (FM) and fat-free mass (FFM) were measured by bioelectrical impedance method (HBF-300, Omron, Tokyo, Japan).
Abdominal adipose tissue area by computed tomography. The VFA and abdominal subcutaneous fat area (SFA) were measured using CT scans (SOMATOM AR.C, Siemens, Germany) set at 110 kVp and 50 mA. Participants were asked to lie in the supine position with their arms extended above their head during this measurement. A single 5 mm scan with a scanning time of 5 s was obtained, centered at the level of the umbilicus (fourth and fifth lumbar vertebrae), because it was found that VFA from single scan is highly correlated with overall visceral volume. 23 Visceral fat area and SFA were calculated using a computer software program (Fat Scan, N2system, Osaka, Japan).
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Aerobic capacity. Peak . VO 2 for each subject were determined by a graded exercise test with a cycling ergometer (818E, Monark, Stockholm, Sweden). Following a 2-min warmingup at 0 watt (W), workload was increased every 1 min by 15 W until volitional exhaustion. During the test, ventilations and gas exchanges were measured using an indirect calorimetry (Oxycon a, Mijnhardt, Breda, The Netherlands), and heart rate (HR) was observed using an electrocardiograph (Dyna Scope, Fukudadenshi, Tokyo, Japan). The highest oxygen uptake achieved over 30 s was determined as peak . VO 2 . The peak . VO 2 was referred to the criteria described by Tanaka et al.
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Experimental protocol Participants were not allowed to perform strenuous exercise for 2 days before each measurement and consumed a standard meal (50% carbohydrate, 30% fat, 20% protein) the evening before the study. Following more than 12 h overnight fast, participants visited the Higashi Toride hospital at 0900 hours. A catheter was placed in the forearm vein to allow the withdrawal of blood samples at rest and during the endurance exercise.
Participants exercised by cycling for 60 min at a work rate corresponding to 50% of predetermined peak . VO 2 . Oxygen consumption ( . VO 2 ) and carbon dioxide production ( .
Fat metabolism during endurance exercise in obese men S Numao et al sampling were performed every 5 min after starting the exercise up to and including 60 min after using indirect calorimetry measurements (Oxycon a, Mijnhardt, Breda, The Netherlands). Substrate oxidation rates were calculated from the respiratory exchange ratio (RER). 26 Energy expenditure and substrate oxidation were calculated every 5 min from expiratory gas measurements. Total energy expenditure and substrate oxidation were defined as the sum of every 5 min of energy expenditure and substrate oxidation. Gas analyzers were calibrated before each test. Blood samples were collected every 10 min (18 ml per sample) and were put into 8 ml tubes containing thrombin and heparin neutralizing agent, 7-ml tubes containing ethylenediaminetetraacetic acid (EDTA)-2Na plus heparinNa and sodium fluoride, and 2-and 1-ml tubes containing EDTA-2Na. The tubes were immediately centrifuged at 3000 r.p.m. for 10 min at 41C. Blood in the 8-ml tubes was used for analyses of plasma concentrations of FFA, glycerol and insulin. Blood in the 7-ml tubes was used for analysis of the plasma concentration of epinephrine and norepinephrine. HR was recorded continuously throughout the exercise bout with an electrocardiograph (Dyna Scope, Fukudadenshi, Tokyo, Japan). The total fat availability to exercise was determined as the area under the concentrations of FFA and glycerol curves calculated using the trapezium rule. 27 Blood analysis Blood samples were collected to measure plasma concentrations of FFA, glycerol, glucose, epinephrine, norepinephrine and insulin. Plasma concentrations of FFA were analyzed by enzymatic colorimetric method (ACS-ACOD). Plasma concentrations of insulin were measured by radioimmunoassay. Plasma concentrations of glycerol were determined by an enzymatic colorimetric method (GPO-DAOS). Plasma concentrations of epinephrine and norepinephrine were quantified by high-performance liquid chromatography.
Statistical analysis
Data were expressed as means7s.e. A one-way analysis of variance (ANOVA) was used to test for significance of differences in anthropometric variables, area values under the curve, total energy expenditure and fat oxidation during endurance exercise between groups. A repeated measures two-way ANOVA, with group and time as factors, was used to determine differences in metabolite concentration and RER between VF-Ob and SF-Ob men during the endurance exercise. A Tukey's post hoc comparison test was used to locate significant difference. Statistical significance was set at Po0.05.
Results
Subject characteristics
The physical characteristics of the two groups are presented in Table 1 Plasma hormonal responses during endurance exercise Plasma hormonal responses during endurance exercise are shown in Figure 1 . Plasma concentrations of epinephrine and norepinephrine increased progressively in both groups during endurance exercise, but there was not a significant group Â time interaction. By contrast, plasma insulin concentrations decreased progressively in both groups during endurance exercise. There were similar responses in plasma insulin between the two groups.
Plasma free fatty acid and glycerol responses to endurance exercise Plasma concentrations of FFA and glycerol responses to endurance exercise are shown in Figure 2 . A significant group Â time interaction was observed in the plasma concentration of FFA during the exercise bout. Total FFA availability, defined as the total area under the curve of Fat metabolism during endurance exercise in obese men S Numao et al FFA, was significantly higher in VF-Ob than SF-Ob men (Table 2) . At rest, no difference was found in plasma glycerol levels between VF-Ob and SF-Ob men. Plasma glycerol levels increased progressively until 20 min of exercise in both groups. There was a significant group Â time interaction in plasma concentration of glycerol during the exercise bout. A significant difference was found in the area under the curve of glycerol between VF-Ob and SF-Ob men (69.6712.5 and 34.475.1 mg/dl/60 min, respectively) ( Table 2) . Fat metabolism during endurance exercise in obese men S Numao et al
Total energy expenditure and substrate oxidation during exercise Changes in RER during endurance exercise are shown in Figure 3 . At rest, there was no difference in RER between VFOb and SF-Ob men (0.8170.06 and 0.7670.01, respectively). RER increased at 10 min of the exercise, and then progressively decreased until the end of the exercise. The changes in RER during exercise were not significantly different between the two groups. The amount of total energy expenditure and fat oxidation during endurance exercise is shown in Figure 4 ; there was no difference in total energy expenditure between VF-Ob and SF-Ob men (389.6735.4 and 330.6727.5 kcal/ 60 min, respectively). Also, no difference was found in fat oxidation during exercise between VF-Ob and SF-Ob men (176.5725.7 and 183.0712.8 kcal/60 min, respectively).
Discussion
In this study, we investigated the influence in obese men of obesity phenotype on fat metabolism during endurance exercise. Fat availability was evaluated by plasma hormones and FFA and glycerol concentrations, and substrate oxidation was evaluated by indirect calorimetry at rest and during endurance exercise in VF-Ob and SF-Ob men. The groups were matched on whole-body FM and aerobic capacity with the exception of VFA. We found that the response of fat availability was different between the groups. Also, total fat availability during endurance exercise was higher in VF-Ob than SF-Ob men. Furthermore, fat oxidation was similar between the two groups during endurance exercise, despite the fact that fat availability was different. Our study found that the total plasma concentrations of FFA and glycerol were higher in VF-Ob than SF-Ob men during the exercise bout. The balance of several hormones, for example, catecholamines and insulin, has been reported to play a critical role in fat availability both at rest and during exercise. 12, 13 However, in our study no difference was observed in the responses of plasma epinephrine, norepinephrine and insulin throughout the endurance exercise between the two obesity groups. Therefore, it is inferred that in this study the differences of fat availability between the two obese groups could not always be explained simply by plasma concentrations of epinephrine, norepinephrine and insulin during exercise. Whole-body fat volume may affect fat availability and oxidation during endurance exercise. 28 As the whole-body FM was the same in the VF-Ob and SF-Ob men, the reasons for the difference of fat availability might be the differences in regional adipose tissue lipolytic sensitivity to catecholamines and antilipolytic sensitivity to insulin. Lipolytic responses to catecholamines are higher in visceral adipocytes than in subcutaneous ones, [29] [30] [31] [32] and also the antilipolytic and activation of FFA re-esterification response to insulin was lower in visceral compared with subcutaneous adipocytes. 33, 34 These earlier studies suggested that the lipolysis of visceral adipocytes might be increased compared with that of subcutaneous adipocytes during endurance exercise. Plasma concentrations of catecholamines and insulin during endurance exercise were similar between the two groups in our study. This in turn indicates that the high plasma concentrations of FFA and glycerol in VF-Ob men would partly reflect the difference in lipolytic characteristic between visceral and subcutaneous adipocytes. The fat availability in VF-Ob and SF-Ob men during endurance exercise observed in our study was inconsistent with data from previous studies that have investigated fat metabolism between two obesity phenotypes in obese women during endurance exercise. 18, 19 The reasons for the discrepancy between the present study and previous studies 18, 19 can be accounted for by several other factors. The first factor is the baseline of the plasma insulin concentration. The second factor is the difference of indices to classify Fat metabolism during endurance exercise in obese men S Numao et al the obesity phenotype (WHR vs CT). 35, 36 In addition, the strongest factor on our results is the difference in the subject's gender between the present study and earlier ones. 18, 19 Lipolysis of visceral and subcutaneous adipocytes has been reported to differ between obese men and women. Lonnqvist et al. 37 observed obese men were 12 times higher in the lipolytic b 3 -adrenoreceptor sensitivity of visceral adipocytes and 17 times lower in the antilipolytic a 2 -adrenoreceptor sensitivity of visceral adipocytes compared with obese women. Furthermore, in obese women, no difference was observed in the rate of norepinephrinestimulated lipolysis between VF and SF cells, whereas in obese men, it was higher in VF than in SF cells. 6 These results
suggest that the lipolysis of VF is considerably higher in obese men compared with obese women and that the FFA and glycerol release from VF into the systemic circulation would be greater than those from SF in obese men. Therefore, it is possible that high availability of FFA and glycerol occur in the VF-Ob men, not in obese women, 18, 19 during endurance exercise. Although fat availability was higher in VF-Ob than in SFOb men, total fat oxidation was similar in the two groups during endurance exercise. This finding suggests that total fat oxidation during endurance exercise is not entirely regulated by plasma fat availability. Previous studies showed evidence that the rate of fat oxidation during endurance exercise is primarily influenced by energy requirements, 38 exercise intensity, 14, 15 aerobic fitness, 39 muscle oxidative capacity, 40 glucose availability 41 and body FM. 28 Exercise training, which increases muscle oxidative capacity, 42 enhances fat oxidation during exercise without increasing plasma FFA availability. 38, 39 In addition, the increasing plasma FFA availability by the administration of lipids and the infusion of heparin during endurance exercise is not accompanied by a corresponding increase in fat oxidation. [43] [44] [45] Thus, total fat oxidation during endurance exercise was similar in the VF and SF-Ob men, because the participants were matched for whole-body fat and fitness level, thereby indicating that they performed exercise at nearly the same relative intensity. Our finding that total fat oxidation during endurance exercise was similar between the VF-Ob and SF-Ob men is consistent with data from previous studies. 18 estimate the total energy expenditure and substrate oxidation during endurance exercise. Carbohydrate used as fuel during exercise is not only glucose but also glycogen. The stoichiometry for glucose and glycogen differs slightly and carbohydrate oxidation rate are B10% lower when calculated using the stoichiometry of glycogen compared to that of glucose. 52 The discrepancy is not taken into consideration in the equation of Peronnet and Massicotte. 26 Therefore,
there is the possibility that we could not exactly estimate the total energy expenditure, carbohydrate oxidation and fat oxidation in this study. However, even if the total energy expenditure, carbohydrate oxidation and fat oxidation are overestimated and/or underestimated, it is unlikely that our results (no difference in the total energy expenditure and fat oxidation between VF-Ob and SF-Ob) would be affected. As we applied the same equation to all participants to calculate the total energy expenditure and fat oxidation, the errors containing the estimated values of each participant was similar. In summary, the results of the present study demonstrated that obesity phenotype affects fat metabolism during endurance exercise. We found fat availability during endurance exercise was higher in VF-Ob men than in SF-Ob men. The difference of plasma fat availability may be due partly to the differences of lipolytic sensitivity to catecholamines and antilipolytic sensitivity to insulin between visceral and subcutaneous adipocytes. These differences may partly indicate the existence of a response peculiar to visceral adipocytes during endurance exercise. However, regardless of the difference in plasma fat availability, total fat oxidation during endurance exercise seems to be similar in VF and the SF of obese men.
